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Phosphorus was added as a nutrient to bench-scale and pilot-scale biologically active carbon (BAC) reactors
operated for perchlorate and nitrate removal from contaminated groundwater. The two bioreactors responded
similarly to phosphorus addition in terms of microbial community function (i.e., reactor performance), while
drastically different responses in microbial community structure were detected. Improvement in reactor
performance with respect to perchlorate and nitrate removal started within a few days after phosphorus
addition for both reactors. Microbial community structures were evaluated using molecular techniques targeting 16S rRNA genes. Clone library results showed that the relative abundance of perchlorate-reducing
bacteria (PRB) Dechloromonas and Azospira in the bench-scale reactor increased from 15.2% and 0.6% to 54.2%
and 11.7% after phosphorus addition, respectively. Real-time quantitative PCR (qPCR) experiments revealed
that these increases started within a few days after phosphorus addition. In contrast, after phosphorus
addition, the relative abundance of Dechloromonas in the pilot-scale reactor decreased from 7.1 to 0.6%, while
Zoogloea increased from 17.9 to 52.0%. The results of this study demonstrated that similar operating conditions
for bench-scale and pilot-scale reactors resulted in similar contaminant removal performances, despite dramatically different responses from microbial communities. These findings suggest that it is important to
evaluate the microbial community compositions inside bioreactors used for drinking water treatment, as they
determine the microbial composition in the effluent and impact downstream treatment requirements for
drinking water production. This information could be particularly relevant to drinking water safety, if pathogens or disinfectant-resistant bacteria are detected in the bioreactors.
can serve as electron acceptors, such as nitrate (20), perchlorate (7, 30), and other oxidized anions (34).
To allow wider application of biological treatment of drinking water, it will be necessary to address concerns, such as the
possibility of microbial contamination of finished drinking water (8) and the generation of soluble microbial products, which
may support biological growth in drinking water distribution
systems (9). These concerns can be addressed only by expanding efforts to characterize the structures and activities of the
microbial communities responsible for biological drinking water treatment and to link this information to the microbiological properties of finished drinking water. A few studies already
have characterized microbial communities in drinking water
treatment systems by using phospholipid fatty acids (32), culture-based methods (31, 38), and nucleic acid-based methods
(18, 33, 41). More work is needed to elucidate how operational
conditions, such as nutrient additions, influence microbial
community composition and function to help drinking water
utilities and regulators evaluate this emerging technology.
Phosphorus is an essential element in cell growth and function (28); thus, phosphorus addition to phosphorus-limited
engineered bioreactor systems can increase total biomass density and improve bioreactor performance (36, 46). Furthermore, phosphorus limitations can have profound impacts on
microbial behavior at cellular and community levels. For example, phosphorus limitation was found to activate a lethal
phenotype in Pseudomonas aeruginosa, while phosphorus ad-

Biological treatment of drinking water has been limited to
date, especially in the United States, despite many obvious
advantages, such as the ability of mixed microbial community
bioreactors to simultaneously remove multiple contaminants
from drinking water with limited additions of chemicals and
little or no generation of by-products (6). Bench-scale and a
few full-scale studies have demonstrated the effectiveness of
biological processes in drinking water treatment in removing
natural organic matter (11), taste/odor/color-causing compounds (35, 43), and several inorganic contaminants (3, 27). In
some of these processes, preozonation is applied to improve
the biodegradability of refractory organic matter (25, 35, 37,
43). In other processes, termed stimulated biological treatment
processes in the current study, electron donors are added to
support microbial activity for the removal of contaminants that
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dition reversed this activation (56). In addition, studies of
natural systems observed changes in the microbial community
structure upon phosphorus addition (1, 12), and phosphorus
limitation has been demonstrated to decrease the diversity of a
microbial community by lowering the intensity of horizontal
gene transfer (50). Moreover, nutrient limitations, including
phosphorus limitations, promote the production of extracellular polymeric substances (EPS) in biofilms (51), which can have
an impact on the effectiveness of backwashing and other operational parameters of fixed-bed biofilm systems (J. Brown
and C. Lauderdale, presented at the Water Quality Technology Conference, Seattle, WA, 15 to 19 November 2009). These
studies suggest that phosphorus addition to phosphorus-limited biological systems can be used to enhance microbial contaminant removal, other operational characteristics of bioreactor systems, the microbial community structure within such
systems, and the microbiological properties of finished drinking water.
In the current study, efforts were made to elucidate how phosphorus addition affects microbial community function (i.e., reactor performance) and microbial community structure in biologically active carbon (BAC) reactors operated for drinking
water treatment. Two BAC reactors, one bench scale and one
pilot scale, were operated to remove perchlorate and nitrate
from contaminated groundwater. Reactor performance and
microbial community structure were monitored and compared
before and after addition of phosphorus to these BAC reactors. Furthermore, the microbial results were used to suggest
how stimulated biological treatment may affect downstream
treatment such as disinfection.
MATERIALS AND METHODS
Reactor systems. The bench-scale BAC reactor consisted of a glass column
with an inner diameter of 4.9 cm and a height of 26.0 cm (see Fig. S1 in the
supplemental material). Granular activated carbon (GAC) (bituminous F816;
Galgon Carbon Corp., Pittsburgh, PA) was packed to a depth of 10.6 cm,
resulting in an empty bed volume of 200 cm3. The remaining space in the glass
column was reserved for bed expansion during backwashing. The system was
seeded with biomass collected from a bench-scale BAC reactor previously operated for perchlorate removal (14) and with biomass collected from a GAC
filter, which exhibited biological activity, in a full-scale drinking water treatment
plant (Ann Arbor, MI). A synthetic groundwater was pumped into the benchscale BAC reactor in a downflow mode at a flow rate of 10 ml/min, resulting in
an empty bed contact time (EBCT) of 20 min. The synthetic groundwater
composition was designed according to the composition determined for a real
groundwater (Rialto, CA) and consisted of deionized water supplemented with
17.75 mg/liter Na2SO4, 6.90 mg/liter K2CO3, 289.18 mg/liter NaHCO3, 13.68
mg/liter NaCl, 2.81 mg/liter CaCl2, 3.88 mg/liter MgCl2, 34.27 mg/liter NaNO3,
and 92.34 g/liter NaClO4 (i.e., 75 g/liter ClO4⫺). The dissolved oxygen (DO)
level of the synthetic groundwater was adjusted to ⬃7 mg/liter and maintained by
utilizing a floating lid in the influent tank. Based on stoichiometric calculations
with an assumed net yield value of 0.4 g biomass per g of chemical oxygen
demand of acetate (CODacetate), 13 mg/liter of acetic acid as C would be needed
to completely remove all three electron acceptors (i.e., DO, NO3⫺, and ClO4⫺).
With a safety factor of 1.5, the influent acetic acid concentration was selected to
be 20 mg/liter as C. Influent and effluent pH values varied between 7.5 and 7.9.
On day 115 of operation, phosphoric acid was added to the synthetic groundwater at a concentration of 145 g/liter as P, which was estimated through
stoichiometric calculations (21). The bench-scale BAC reactor was operated in a
temperature-controlled room set at 18°C and backwashed every 48 h with a
mixture of water (i.e., 50 ml/min) and air for 4 min followed by high-flow-rate
water flush (i.e., 500 ml/min) for 3 min. These operating conditions were designated the baseline operating conditions for the bench-scale BAC reactor.
A pilot-scale fixed-bed BAC reactor was designed and constructed by Carollo
Engineers, P.C. (Sarasota, FL), and Intuitech, Inc. (Salt Lake City, UT). Carollo
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Engineers operated the reactor at well 2 in Rialto, CA (see Fig. S1 in the
supplemental material). The pilot-scale BAC reactor consisted of an epoxycoated steel column with an inner diameter of 61.0 cm and a height of 243.8 cm
and contained the same type of GAC as did the bench-scale BAC system. The
height of the GAC bed was 152.4 cm (i.e., an empty bed volume of 0.445 m3), and
the remaining volume was reserved for bed expansion during backwashing. The
anion concentrations in the raw groundwater feed were the same as those in the
bench-scale BAC system, except that the perchlorate concentration was 50 g/
liter. The influent DO of the pilot-scale BAC reactor was ⬃7 mg/liter due to
oxygen diffusion during pumping from a contaminated well and storage in a
break tank before entering the reactor. The groundwater was pumped to the
reactor at a flow rate of 24.7 liters/min, resulting in an EBCT of 18 min. The
acetic acid requirement was determined according to the method described
above, except that a safety factor of 1.13 was applied, resulting in an acetic acid
addition of 15.1 mg/liter as C. The total organic carbon (TOC) level in the raw
groundwater was generally below 2 mg/liter, and the biodegradable dissolved
organic carbon (BDOC) concentration averaged 0.3 mg/liter, indicating that the
contribution of naturally present organic compounds as electron donor sources
was negligible compared to that for the acetic acid addition. On day 97 of
operation, phosphoric acid was added to the groundwater with a final concentration of ⬃180 g/liter as P. The reactor was backwashed every 17 to 24 h
according to the following procedure: fluidization (with surface wash) at 4.8
gallons per minute (gpm)/square foot of cross-sectional area (i.e., 195.3 liters per
min per m2 of cross-sectional area [liters/min/m2]) for 69 s, 12.7 gpm/ft2 (i.e.,
516.8 liters/min/m2) for 180 s, 3.2 gpm/ft2 (i.e., 130.2 liters/min/m2) for 120 s, 6.7
gpm/ft2 (i.e., 272.6 liters/min/m2) for 480 s, and 1.3 gpm/ft2 (i.e., 52.9 liters/min/
m2) for 30 s and air scouring for a total of 24 s with a flow rate of 2 to 3.2 ft3 per
min per ft2 of cross-sectional area (i.e., 610 to 980 liters/min/m2) during the entire
fluidization step.
Chemical measurements. In the bench-scale system, influent and effluent DO
concentrations were measured using WTW multi340 m with CellOx325 sensors
in WTW D201 flow cells (Weilheim, Germany) connected to the inlet and outlet
of the reactor. For the pilot-scale system, DO concentrations were measured
on-site using HACH sc100 LDO probes (Loveland, CO). Water samples from
the pilot-scale system were shipped regularly to the University of Michigan by
overnight service and stored according to standard methods until measurement
(22). Water samples were filtered through 0.45-m filters before measurement.
Concentrations of acetic acid, nitrate, and nitrite were measured on an ion
chromatography system with a conductivity detector (Dionex DX100; Sunnyvale,
CA) according to standard methods (22). An AS-14 analytical column and an
AG-14 guard column (Dionex, Sunnyvale, CA) were used with an eluent containing a mixture of 1.0 mM bicarbonate and 3.5 mM carbonate. Perchlorate
concentrations were measured using another ion chromatography system (Agilent Chemistation; Santa Clara, CA) according to Environmental Protection
Agency (EPA) standard method 314.0 (24). A Dionex AS-16 analytical column
and an AG-16 guard column were used with an eluent containing 65 mM NaOH.
The detection limits for DO, nitrate, acetic acid, and perchlorate were determined to be 0.01 mg/liter, 0.2 mg/liter, 0.2 mg/liter, and 2 g/liter, respectively.
Phosphorus concentrations were measured using an induced coupled plasma
mass spectrometer (PerkinElmer ALEN DRC-e; Waltham, MA) with a detection limit of 5 g/liter.
Clone library and microbial sequence analyses. Composite BAC samples from
the bench-scale reactor were collected after the reactor content was well mixed.
Composite BAC samples from the pilot-scale reactor were collected by mixing
the BAC content of a vertical core collected using a polyvinyl chloride (PVC)
pipe, which was shipped overnight on dry ice to the University of Michigan.
These biomass samples were stored at ⫺80°C until analyses. Four BAC samples
were collected for clone library analyses, two from the bench-scale BAC reactor
(days 100 and 244) and two from the pilot-scale BAC reactor (days 84 and 210).
DNA was extracted from the BAC samples using the FastDNA Spin kit (Qbiogene Inc., Irvine, CA) and quantified using a NanoDrop ND1000 spectrophotometer (NanoDrop Technology, Wilmington, DE). DNA quality was evaluated
by electrophoresis on a 0.8% agarose gel. 16S rRNA genes of the bacterial
domain were amplified in triplicate using the PCR on a Mastercycler thermocycler (Eppendorf International, Hamburg, Germany) with the forward primer 8F
(5⬘-AGAGTTTGATCCTGGCTCAG-3⬘) (17) and the reverse primer 1387R
(5⬘-GGGCGG[A/T]GTGTACAAGGC-3⬘) (54). The composition of the PCR
mixture was adopted from the work of Wobus et al. (54). Pooled PCR products
were purified by electrophoresis on a 1% agarose gel and extracted using the
MinElute gel extraction kit (Qiagen Inc., Valencia, CA). Purified PCR products
were cloned using the pCR4-Topo cloning kit (Invitrogen Inc., Carlsbad, CA).
Ninety-six-well microplates inoculated with randomly picked colonies were
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TABLE 1. Sequences, coverage, specificity, and annealing temperatures of the qPCR primer sets used in this study

Target (16S
rRNA gene)

Dechloromonas

F or
Ra

F
R

Azospira

F
R

Bacteria

F
R

Name

S-G-Dchm0146-a-S-24
S-G-Dchm0248-a-A-24

Abbreviated
name

Sequence (5⬘ to 3⬘)

Dchm0146F

TATCGGAACGTACCTTTCA
GTGGG
Dchm0248R GCTAATCTGATATCGGCCG
CTCAA

S-G-Azsp-1009- Azsp1009F
a-S-24
S-G-Azsp-1163- Azsp1163R
a-A-24

TACCCTTGACATGCCAGGA
ACTTT
CGGCAGTCTCATTAAAGTG
CCCAA

S-D-Bact-1369a-S-18
S-D-Bact-1492a-A-19

Bact1369F

CGGTGAATACGTTCYCGG

Bact1492R

GGWTACCTTGTTACGACTT

Coverage in the
clone library
for the bench-scale
BAC at dayb:

Specificityc

Annealing
temp (°C)

Source or
reference

67.0

This study

100

244

24/25

67/67

184/351

25/25

66/67

227/426

1/1

10/13

45/185

1/1

10/13

45/1046

138/163 101/129
NAd

NA

—e
—

This study
68.0

This study
This study

56.0

48
48

a

F, forward; R, reverse.
Number of target clones with perfect match to the corresponding primer/number of target clones in the clone library. The denominator for the Azospira primer set
(i.e., 13) is different from the number calculated from Table 2 (i.e., 14), because Table 2 was based on the early half of the 16S rRNA gene sequence, whereas the
Azospira primer set is targeting the late half of the 16S rRNA gene sequence. The denominator for the Dechloromonas primer set (i.e., 67) is slightly different from
the number calculated from Table 2 (i.e., 65).
c
Number of target sequences in database with perfect match to the corresponding primer/number of sequences in database with perfect match to the corresponding
primer. The nontarget sequences with perfect matches to the corresponding primer are not detected in the clone library results. Therefore, little interference is expected
for the qPCR results. The numbers of sequences were obtained from the Probe Match function in RDP in August 2008.
d
NA, not available. The PCR primers used to construct the clone libraries were 8F and 1387R, which do not cover the region around 1492. Therefore, the coverage
of the 1492R primer in the clone libraries is not available.
e
—, for the bacterial primer set, specificity was not measured.
b

sent to the Genomic Center at Washington University (St. Louis, MO) for
sequencing.
A total of 768 clones (two microplates for each library) were sequenced
bidirectionally by using vector primers T3 and T7. Nucleotide sequences were
analyzed and edited using BioEdit (23). Alignment of closely related sequences
(i.e., Dechloromonas- and Azospira-like strains from all clone libraries) identified
via the Ribosomal Database Project (RDP) (16) was conducted using ClustalW
(13) for bacterial 16S rRNA genes. The genus-level changes between two clone
libraries were evaluated using the Library Comparison function on RDP (16).
Sequences identified as chimeras by Mallard (4) were excluded from further
analyses. A phylogenetic tree was constructed using a 524-bp region in the 16S
rRNA gene starting at the 8F primer region. Partial, instead of complete, 16S
rRNA gene sequences were used for all phylogenetic analyses because the
bidirectional sequence reads were shorter than anticipated and did not overlap.
The tree was constructed using the software program MEGA (53). Clones
sharing ⱖ95% identity in their 16S rRNA genes were considered one operational
taxonomic unit (OTU) (19). OTUs, diversity statistics, and rarefaction curves
were determined using DOTUR (47). The similarities of the bacterial 16S rRNA
gene clone libraries were evaluated using 兰-LIBSHUFF (48). Sequences included in the phylogenetic tree are available at NCBI under accession numbers
FJ525445 to FJ525546.
qPCR. At every backwash event after phosphorus addition (day 115) for 20
days, BAC samples from the bench-scale reactor were collected in the same
manner as were the BAC samples collected for the clone library analyses. Two
real-time quantitative PCR (qPCR) primer sets (Table 1) were designed based
on representative sequences of relevant clones by using the Primer3 program
made available by Integrated DNA Technologies (44) and were synthesized by
Invitrogen, Inc. (Carlsbad, CA). The primers were named according to published
protocols (2, 5). The specificities of the designed primer sets were evaluated
using the Probe Match function of RDP (16), while the coverage of the designed
primer sets was evaluated against the clones of interest in relevant clone libraries
by using the program OligoReport (http://www.cf.ac.uk) (Table 1). The annealing temperatures were optimized using the gradient function of a real-time PCR
Mastercycler Realplex thermocycler (Eppendorf International, Hamburg, Germany) to distinguish between target and nontarget sequences (see Fig. S2 in the
supplemental material). Target and nontarget templates used in this characterization were plasmid DNA extracted from relevant clones by using the QIAprep
Miniprep kit (Qiagen, Inc., Valencia, CA). Plasmid concentrations were esti-

mated after DNA quantification using a NanoDrop ND1000 spectrophotometer
(42). The target templates contained the representative sequences based on
which the primer sets were designed, while the nontarget templates contained
sequences that were identified within the relevant clone libraries as containing
the lowest number of mismatches with the designed primer sets (see Fig. S2).
The chosen annealing temperatures for the two primer sets designed in this study
(Table 1) could differentiate the fluorescence signals between equal amounts of
target and nontarget templates (i.e., 106 copies/l) by at least 15 cycle threshold
units (see Fig. S2). The bacterial primer set (52) is reported in Table 1.
A Mastercycler Realplex thermocycler was used for qPCR with the RealMasterMix SYBR green kit (Eppendorf International, Hamburg, Germany). The
reaction mixtures in a 25-l final volume contained 11.25 l of 2.5⫻ RealMasterMix SYBR green solution (including 0.05 U/l HotMaster Taq DNA
polymerase, 10 mM magnesium acetate, 1.0 mM deoxynucleoside triphosphates
[dNTPs], and 2.5⫻ SYBR green solution), 150 nM forward and reverse primers,
pure water (Sigma-Aldrich, St. Louis, MO), and DNA templates of known
concentrations or 10 ng of DNA template from environmental samples.
As suggested in the manual of the RealMasterMix SYBR green kit, amplification involved one cycle of 95°C for 10 min for initial denaturation and then 40
cycles of denaturation at 95°C for 15 s followed by annealing at the temperatures
presented in Table 1 for 20 s and extension at 68°C for 30 s. Melting profiles were
collected after 40 cycles of amplification to check the specificity of the amplification (see Fig. S3 in the supplemental material). Purified Escherichia coli plasmid DNAs containing the 16S rRNA genes of Dechloromonas and Azospira were
used to construct standard curves for primer sets Dchm0146F/Dchm0248R and
Azsp1009F/Azsp1163R, respectively (see Fig. S4). Plasmid DNA containing the
16S rRNA genes of Dechloromonas from another study (X. Li, W. Yuen, E.
Morgenroth, and L. Raskin, submitted for publication) was used to construct the
standard curves for Bact1369F/Bact1492R.

RESULTS
Changes in microbial community function (reactor performance). Because the bench-scale BAC reactor was designed
for treatment of drinking water sources, the number of chemicals added to the simulated groundwater was minimized. Ini-
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FIG. 1. Reactor performance of the bench-scale BAC reactor
(A) and the pilot-scale BAC reactor (B). Arrows point to the dates
when phosphorus started to be added to the BAC reactors. The influent concentrations are average values from routine measurements.

tially, only acetic acid was added to the synthetic groundwater,
and during this initial operational period about 5.5 mg/liter of
acetic acid was consumed. The bench-scale BAC reactor removed nearly all the DO, 17 mg/liter of nitrate (68% removal),
and 25 g/liter of perchlorate (33% removal) (Fig. 1A). The
background phosphorus concentration in the synthetic groundwater was between 5 and 10 g/liter as P. After the start of
phosphorus addition on day 115 (145 g/liter phosphoric acid
as P), the effluent DO dropped below the detection limit within
2 days, and effluent nitrate and perchlorate started to decrease
and fell below the detection limits within 5 and 15 days, respectively. Fifteen days after phosphorus addition, the amount
of acetic acid consumed was 12.4 mg/liter.
Similarly, before day 97 in the operation of the pilot-scale
BAC reactor, acetic acid was the only chemical added to the
contaminated groundwater. During this period, the phosphorus concentration in the groundwater ranged between 30 and
60 g/liter as P. The reactor was able to completely remove
DO (data not shown), nearly completely remove nitrate, and
remove about 35 g/liter perchlorate (⬃70% removal) (Fig.
1B). The slightly decreasing trend in effluent perchlorate concentrations during the week prior to phosphorus addition (Fig.
1B) was believed to be due to operational variations but did
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not represent a real trend when data from the earlier operational period were evaluated (data not shown). After the start
of phosphorus addition on day 97 (⬃180 g/liter P), the effluent nitrate concentration dropped below the detection limit
within 2 days, and the effluent perchlorate concentrations fell
below the detection limit within about 16 days.
Changes in the relative abundance of microbial populations.
The class Betaproteobacteria was the most abundant microbial
group in the bench-scale BAC reactor both before (day 100,
70.3%) and after (day 244, 91.7%) the start of phosphorus
addition on day 115 (Table 2 and Fig. 2). In contrast, significant shifts in microbial community structure occurred at the
genus level after phosphorus addition. The clone library results
in Table 2 show that, after phosphorus addition, the relative
abundance of Dechloromonas- and Azospira-like strains increased
from 15.2% and 0.6% to 54.2% and 11.7%, respectively. Because most members of these two genera are perchloratereducing bacteria (PRB) and can use oxygen, nitrate, and perchlorate as electron acceptors (15), it is likely that phosphorus
addition enhanced nitrate and perchlorate removal (Fig. 1A)
by promoting and maintaining high numbers of Dechloromonas
and Azospira bacteria. The third largest group identified at the
genus level was Zoogloea. Zoogloea-like strains made up 7.3%
and 7.5% of the total bacterial population before and after
phosphorus addition, respectively. The changes in Dechloromonas and Azospira were considered significant (P ⬍ 0.01),
whereas the change in Zoogloea was not significant (P ⫽ 0.54).
The class Betaproteobacteria was also dominant in the pilotscale BAC reactor (Table 2 and Fig. 2). Eight bacterial phyla/
classes were identified before phosphorus addition, while only
four remained after phosphorus addition, indicating a decrease
in microbial richness at the phylum/class level (Table 2). The
clone library results showed that Dechloromonas-like strains
were the only known PRB in the pilot-scale BAC reactor, and
the relative abundance of the Dechloromonas-like strains decreased from 7.1% to 0.6% after phosphorus addition. Differently from the bench-scale BAC reactor, no Azospira-like
strains were detected in the pilot-scale BAC reactor. Opposite
the trend for the Dechloromonas-like strains, the relative abundance of the Zoogloea-like strains increased from 17.9% to
52.0% after phosphorus addition. Both changes were statistically significant (P ⬍ 0.01).
The Dechloromonas phylotypes were different in the two
BAC reactors. All Dechloromonas-like strains detected in the
bench-scale BAC reactor (i.e., before and after the start of
phosphorus addition) belonged to the strain CKB type (Fig. 3)
(15). In contrast, the Dechloromonas-like strains in the pilotscale BAC reactor belonged to strain CKB and RCB types.
Changes in overall microbial community structure. Phosphorus addition changed not only the relative abundance of
specific bacterial populations but also the overall microbial
community structure in the two BAC reactors. The Chao1 and
abundance-based coverage estimate (ACE) richness indices
for the bench-scale BAC reactor dropped from 209 and 161 to
82 and 95, respectively (Fig. 4). Although not statistically significant at the 95% confidence interval, the values suggest a
decreasing trend in microbial richness after the start of phosphorus addition. The Shannon-Weiner and inverse Simpson
indices also decreased from 3.77 and 38 to 2.93 and 12, respectively, indicating that the microbial diversity (including both
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TABLE 2. Phylogenetic affiliations and estimated relative abundances of the clones in the four clone libraries
% estimated relative abundance in BAC reactor
Bench scale
Phylogenetic affiliation

Pilot scale

Before P addition
(day 100) (total no.
of clones ⫽ 165)

After P addition
(day 244) (total no.
of clones ⫽ 120)

Before P addition
(day 84) (total no.
of clones ⫽ 156)

After P addition
(day 210) (total no.
of clones ⫽ 177)

6.7

3.3

14.1

—a

Betaproteobacteria
Dechloromonas
Azospira
Zoogloea
Propionivibrio
Ferribacterium
Unclassified Rhodocyclaceae
Unclassified Oxalobacteraceae
Acidovorax
Hydrogenophaga
Simplicispira
Curvibacter
Unclassified Comamonadaceae
Aquabacterium
Pelomonas
Ideonella
Unclassified incertae sedis 5
Unclassified Burkholderiales
Unclassified Betaproteobacteria

70.3
15.2
0.6
7.3
—
2.4
26.1
6.1
7.9
1.2
—
—
1.2
—
—
—
—
1.2
1.2

91.7
54.2
11.7
7.5
—
5.0
10.0
—
—
—
—
1.7
—
—
0.8
—
—
—
0.8

70.5
7.1
—
17.9
—
7.1
3.2
—
—
0.6
—
—
5.1
9.6
—
1.9
15.4
1.3
1.3

96.0
0.6
—
52.0
1.1
2.8
0.6
—
—
2.3
0.6
—
25.4
—
—
—
2.3
3.4
5.1

Deltaproteobacteria
Gammaproteobacteria
Unclassified Proteobacteria
Acidobacteria
Bacteroidetes
Chloroflexi
Firmicutes
Spirochaetes
Unclassified Bacteria

12.7
9.1
—
—
—
—
—
0.6
0.6

1.7
—
—
0.8
—
—
—
—
2.5

3.2
1.3
3.2
1.3
1.9
0.6
1.3
—
2.6

—
0.6
0.6
—
1.1
—
0.6
—
1.1

Alphaproteobacteria
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richness and evenness) had decreased after phosphorus addition. Similar trends were observed for the pilot-scale BAC
reactor, although the changes were less profound (Fig. 4). The
rarefaction curves in Fig. 4 show that, for the level of sampling
effort used, the microbial richnesses were similar in the bench-

FIG. 2. Fractions of the four classes of Proteobacteria in the benchand pilot-scale BAC reactors before and after phosphorus addition.

and the pilot-scale BAC reactors before phosphorus addition
and had decreased in both reactors after the start of phosphorus addition. None of the four rarefaction curves leveled off
completely, suggesting that further sequencing would have resulted in more OTUs. In addition, the changes of specific
microbial populations reported in Table 2 were statistically
confirmed by the results using 兰-LIBSHUFF (data not shown).
All the comparisons had P values of less than 0.05, indicating
that phosphorus addition caused significant microbial community shifts in both reactors.
Microbial population dynamics in the bench-scale BAC reactor. qPCR measurements showed that the relative abundance of Dechloromonas-like strains in the bench-scale BAC
reactor started to increase within 2 days after the start of
phosphorus addition and continued to increase for about 20
days (Fig. 5A). The relative abundance of Azospira-like strains
also started to increase within 2 days after phosphorus addition
and followed an increasing trend during the course of the
experiment (Fig. 5B). On two occasions, 10 and 16 days after
the start of phosphorus addition, the relative abundance of
Azospira-like strains was substantially higher than the predominant trend derived from the other data points.
The total amount of biomass in the bench-scale BAC reactor
increased after phosphorus addition. With the assumption of a
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FIG. 3. Phylogenetic tree of perchlorate-reducing bacteria in the two BAC reactors before and after phosphorus addition. The two numbers
in parentheses represent the numbers of the clones before and after phosphorus addition. The numbers in the tree refer to percentage bootstrap
values based on 1,000 replications. The bar represents 5% sequence divergence.

net yield of 0.4 g biomass/g CODacetate, the total biomass
produced inside the reactor during one backwash cycle (i.e.,
48 h) was calculated to be 169.9 mg before phosphorus addition (average from days 72 to 115) and 380.4 mg after phosphorus addition (average from days 130 to 156). When phosphorus was provided, the measured amount of acetic acid
consumed in the reactor was close to the value obtained
through the stoichiometric calculation with the assumption of
a net yield of 0.4 g biomass/g CODacetate (the measured average concentration of acetate consumed was 12.4 mg/liter versus
the calculated concentration of 12.9 mg/liter).
DISCUSSION
The PRB that have been isolated so far are phylogenetically
diverse and include species within the Alpha-, Beta-, and Epsilonproteobacteria (15). In this study, two genera of PRB
within the Betaproteobacteria, Dechloromonas and Azospira,
were detected in the bench-scale BAC reactor, while only
Dechloromonas was detected in the pilot-scale BAC reactor.
No other known PRB were found in either one of the BAC
reactors. The dominance of these two genera in bioreactors fed
acetic acid as the sole electron donor has also been reported in

a previous study, in which approximately 23% and ⬍1% of the
bacterial domain belonged to the genera Dechloromonas and
Azospira, respectively (57).
After the start of phosphorus addition, while the average
perchlorate removal efficiency of the pilot-scale BAC reactor
increased from ⬃70% to 100%, the relative abundance of
Dechloromonas-like strains, the only known PRB in the system,
decreased from 7.1% to 0.6%. One possible explanation for
this unanticipated result is that the pilot-scale BAC reactor did
not need to sustain a large population of PRB in its microbial
community, given that the fraction of perchlorate in the total
concentration of electron acceptors was low (50 g/liter perchlorate versus 7 mg/liter DO and 25 mg/liter nitrate). If so,
then other bacterial populations in the microbial community
could have been responsible for removing the competing electron acceptors (i.e., oxygen and nitrate), while the Dechloromonas-like strains, even at a low relative abundance, removed
perchlorate completely. Zoogloea-like strains became the most
abundant population (52.0%) in the pilot-scale BAC reactor
after phosphorus addition. The genus Zoogloea can utilize oxygen and nitrate as electron acceptors (55). Therefore, the
increase in Zoogloea abundance may be the result of the out-
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FIG. 4. Rarefaction curves indicating bacterial 16S rRNA gene richness within clone libraries from the bench- and the pilot-scale BAC reactors
before and after phosphorus addition. The dashed line represents 1:1, indicating infinite diversity. The table lists the bacterial 16S rRNA gene
sequence diversity indices. OTUs were defined as groups of sequences sharing 95% 16S rRNA gene sequence identity. The estimates of phylotype
richness were calculated according to the abundance-based coverage estimate (ACE) and the bias-corrected Chao1 estimator. The ShannonWeiner diversity index and the inverse Simpson diversity index, which take into account species richness and evenness, were also calculated.

competition of other bacteria by the Zoogloea-like strains and
the increased role of the Zoogloea-like strains in removing
competing electron acceptors in the pilot-scale BAC reactor.
Although the ability of Zoogloea to reduce perchlorate has
not been demonstrated, the possibility of this genus being
capable of doing so cannot be ruled out. A recent environmental genomic study revealed that chlorite dismutase, a key enzyme in the microbial pathway of perchlorate reduction, exists
in a nitrite-oxidizing bacterium, which was never identified as a
PRB species previously (29). To date, genomes of Zoogloea
spp. have not been sequenced, and so it is not possible to check
whether genes related to (per)chlorate reductase and chlorite
dismutase genes are present in Zoogloea spp. without further
experimentation, which is beyond the scope of the current
study. If Zoogloea strains can utilize perchlorate as an electron
acceptor, then the elevated relative abundance of Zoogloealike strains could account for the improved perchlorate removal in the pilot-scale reactor, through a mechanism similar
to those for the increases of Dechloromonas spp. and Azospira
spp. in the bench-scale BAC reactor after phosphorus addition.
The bench-scale BAC reactor results obtained from the
qPCR experiments did not quantitatively agree with those
from the clone library experiments, although the same qualitative trend was observed for the two methods. The samples for
qPCR were collected long before the sample for the second
clone library was collected (Table 2 and Fig. 5), and so it may
be difficult to compare the results directly. In addition, discrepancies between quantitative results obtained with two very
different molecular methods are not uncommon (49). The relative abundances of Dechloromonas-like strains higher than
100% on days 12 to 20 were likely due to the coverage of the

bacterial primer, which did not target a fraction of the clones
(Table 1). The relative abundance of Azospira-like strains exhibited variations (i.e., days 10 and 16 after the start of phosphorus addition) from its predominant trend. Since the same
DNA extracts were used for qPCR experiments with Dechloromonas and Azospira primer sets, and the trend for the relative abundance of Dechloromonas was smooth, the variations
suggest that Azospira resided in the reactor in a less homogenous fashion than did Dechloromonas.
Similar to what was reported for natural systems (10, 45), a
decrease in microbial diversity in response to nutrient addition
was observed in the two BAC reactors. Furthermore, Grampositive bacteria (i.e., Firmicutes) were not detected in the
bench-scale reactor and were found only at very low levels in
the pilot-scale reactor (Table 2). Low levels of Gram-positive
bacteria may benefit downstream disinfection, since Grampositive bacteria are usually more resistant to disinfectants
than are Gram-negative bacteria (26). Since few studies have
been performed to address disinfection kinetics of mixed microbial communities in biologically treated drinking water (40),
further characterization of these effluents is necessary.
In addition to disinfection efficiency, it is important to evaluate the viability and potential for regrowth of bacteria, which
originate from the biological treatment step, in distribution
systems. Pang and Liu compared bacteria that developed in
medium-substrate environments (e.g., a bioreactor supplemented with an electron donor and nutrients) and low-substrate environments (e.g., a BAC reactor fed only groundwater) and found that the latter selected for microorganisms that
are better adapted to survive in similar environments (e.g.,
distribution systems) (39). That study suggested that stimu-
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FIG. 5. Relative abundance of Dechloromonas spp. (A) and Azospira spp. (B) in the bacterial community of the bench-scale BAC
reactor after the start of phosphorus addition. The start of phosphorus
addition occurred on day 115 of the operation of the bench-scale
reactor. The error bars represent the standard deviations from triplicate measurements.

lated biological treatment with properly controlled addition of
external electron donor and nutrients may help avoid selecting
microorganisms that are adapted to low-substrate and lownutrient environments. The current study investigated the
microbial community of two BAC reactors representing medium-substrate environments. Further studies on microbial
communities in low-substrate reactors are needed for comparison. Moreover, electron donor addition in stimulated
biological treatment needs to be optimized to minimize substrate residual in finished water.
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Figure S1. Schematics of the BAC systems used in this study. (A) Schematic of the bench-scale
BAC system, which is essentially the same as that of the pilot-scale BAC system. (B) The
schematic of the complete treatment train of the pilot-scale system. The pilot-scale BAC reactor
included in this work is one of the two “FXB (fixed bed) Bioreactors” in the schematic. “BW
Tank” refers to back wash tank.
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Figure S2. Characterizations of the primer sets for Dechloromonas (A) and Azospira (B). The
numbers in parentheses represent the numbers of mismatches of each template with the
corresponding forward and reverse primers. For the non-targets, at some annealing temperatures
the PCR reaction did not generate sufficient fluorescence to pass the threshold; therefore, the
corresponding Cthreshold value was not available.
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Figure S3. Representative melting curves for the targets and non-targets of the two real-time
PCR primer sets designed in this study: (A) Dchm0146F/0248R (Tm=83.99±0.33°C for
Dechloromonas, Tm=83.88±0.35°C for Azospira, Tm=84.03±0.21°C for Zoogloea); (B)
Azsp1009F/1163R (Tm=86.93±0.26°C for Azospira, Tm=87.27±0.26°C for Zoogloea, N/A for
Dechloromonas). The numbers in parentheses are the numbers of mismatches with the
corresponding primers. The averages and standard deviations were from n replicates (n>10. In
some runs, non-targets did not form PCR products and therefore no melting profiles were
generated).
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